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Analysis of regional cerebral blood flow (rCBF) single photon emission computed tomography (SPECT) is an important part of the assessment of patients with suspected 50 dementia 1 . This may be interpreted visually from a series of planar images through the brain, but this process is relatively insensitive to subtle blood flow loss and is subject to observer variability 2 . Computer analysis that fits the image dataset to a standard geometry and compares it to a 'normal database' has been used clinically and in research. These age matched databases are taken from volunteer controls or a 55 representative normal patient cohort [3] [4] [5] . Several software packages are available that allow automated whole-brain analysis of brain SPECT studies 3, [6] [7] [8] .
A limitation of SPECT is that different gamma cameras and collimators will yield slightly different image data for a given distribution of activity. In rCBF SPECT this will both affect the visual appearance and limit the applicability of normal databases to images acquired 60 on different cameras. In order to characterize, and if necessary correct for, these variations, a physical phantom can be used that mimics both the radionuclide activity distribution and the photon attenuation in a patient [9] [10] [11] [12] . An anthropomorphic phantom will allow clinically realistic testing of image reconstruction, including attenuation and scatter correction and resolution recovery.
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The Hoffman fillable phantom is commercially available and used to model the activity of gray and white matter 13 . However, this has a fixed geometry that, with most versions, does not include the whole brain. This prevents count normalization to the cerebellum and makes lesion simulation difficult. In addition the fixed gray and white matter volumes, and hence relative activity, are not suitable for simulating all scan types. This includes
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HMPAO SPECT studies of normal function, where the Hoffman phantom's 4:1 gray to white matter ratio does not deliver the required ratio of approximately 2:1 14 .
The subresolution sandwich method (SSM) is derived from the stack phantom design of Larsson et al. 15 and has been used in previous studies to simulate radionuclide scans of the human brain using SPECT and PET 8, 16, 17 . An SSM phantom is an assembly of 75 individual sheets of paper, separated by slabs of tissue equivalent material, at a distance of less than half the resolution of the imaging device. Radioactive images are printed on the paper sheets using a radioactive solution to build a 3D activity distribution. This method can simulate highly realistic and easily adaptable images for both SPECT and PET.
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The construction of existing phantoms from equal sized circular or elliptical sheets of poly (methyl methacrylate) (PMMA) has limitations 8, 16, 17 . The non-anthropomorphic shape is not physically realistic in terms of gamma ray attenuation and scatter. Additionally, automated uniform attenuation correction cannot be used, because the edge of the activity is not the edge of the attenuation. A method was therefore required to produce 85 head shaped tissue equivalent sheets. 3D printing, or additive manufacturing, technology has been proven able to produce complex distributions of polymers similar to PMMA from DICOM datasets from CT or MRI 18 .
A number of additive manufacturing approaches have been used to create anthropomorphic phantoms for radionuclide imaging. Fillable phantoms have been 90 produced that overcome many of the limitations of the Hoffman phantom 19 or offer patient specific organ geometry 20 . For PET, a powder deposition printer, with 18F mixed into the binding resin has been used to create a brain phantom 21 . However, there are disadvantages to these approaches. Resin phantoms with clinical radionuclides have a very short useful life, while images of liquid filled phantoms may be affected by cold 95 boundaries 22, 23 . In contrast to SSM phantoms, for replicating clinical radionuclide distributions, these approaches are restricted to producing volumes of fixed and largely uniform activity.
Applying 3D printing to the manufacture of a SSM phantom requires a material that replicates the radiation attenuation of the head at the emission energy of the radionuclide 100 used. The National Institute of Standards and Technology gives a mass attenuation coefficient of 0.17 and 0.15 cm 2 /g for ICRU brain at 100 and 150 keV respectively 24 .
Interpolating and correcting for a density of 1.04 g/cm 3 gives an attenuation coefficient of 25, 26 .
Printers using curable liquid photopolymers have been used to make phantoms representing breast, lung and soft tissue masses [26] [27] [28] . Tuning of radiation attenuation properties has been achieved by doping the binder of a powder deposition printer with 110 NaI 29 and by adjusting the proportions of polymer and air (fill density) in fused deposition modelling (FDM) 30 . 33 , with a constant fill density set for each print. All 3D printer feedstock, as The fact that the response is not linear up to a nominal 100% appears to be due, at least in part, to the extruder feed rate setting, which will be specific to the printer. Excluding the value at 100% fill density, the following regression equation was calculated at 120 kVp :
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No notable difference in this relationship was seen on a Philips Big Bore CT scanner (Philips Medical Systems, Best, NL) at 90, 120 or 140 kVp. A fill density of 85% was chosen to give 30 HU, the value for brain being in the approximate range 20 -40 HU 34 .
The head volume data to manufacture the phantom was taken from the Brainweb online 140 database of simulated MRI scans [35] [36] [37] [38] . Subject number 4 was used, which consists of a head volume including the whole brain but excluding the mouth. A number of software packages were then used to isolate the head volume, convert this to the required stereolithography (STL) format and divide the volume into slabs. All tissue voxel values were set to equal one in MATLAB (MathWorks, Natick, MA). The outline of the volume 145 was then determined in ITK-snap, by automatically segmenting the head volume from the background 39 . The resultant NIfTI file was converted to STL format by creating a grayscale model of the head volume in 3D Slicer, setting the voxel value threshold to 0.5 40 . The slabs, of thickness 4 mm, were then created in netfabb (netfabb, Lupburg, Germany). Finally Slic3r was used to create the printer instruction G-code for each slab.
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Print layer height was 0.4mm, except for the first which was 0.3mm to improve adhesion to the printer bed and reduce overall height to allow for the paper. Each slab of the phantom was printed, in turn, and labelled. Alto, California) and the images were printed.
The phantom was assembled and held rigid by means of two 5 mm threaded nylon bars running vertically through holes in each slab. The location of the holes was decided by 170 examining the brain structure to best avoid areas of activity, passing through the ventricles where possible. Corresponding holes were drilled through the stack of printed paper sheets prior to assembly. After assembly, excess paper was cut from the assembled phantom to ensure this did not affect the positioning in the gamma camera.
Filling the printer cartridge, printing the 41 images and assembling the phantom took 175 approximately an hour. A second set of images was printed, on the same day and using the same printer, and assembled into the elliptical PMMA phantom described by Berthon 17 .
Each phantom was imaged on a GE DST XLi dual-headed gamma camera (GE Healthcare, Little Chalfont, UK) with low-energy high resolution parallel hole collimators. This illustrates the 3.9 mm thick PLA slabs and the threaded nylon bars that hold it together. Fully assembled, the phantom has a sheet of paper, with the corresponding anatomical activity distribution printed in radioactive ink, sandwiched between each slab.
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For clarity, a single sheet of paper is shown between the two most caudal slabs to demonstrate the SSM principle. Figure 3 shows the grayscale image of activity printed on paper in a midbrain axial slice. Gray matter appears black, and was calibrated to have twice the activity density as the white matter, which appears gray in the image. Printed activity outside the brain approximates uptake in areas including the scalp.
The assembled 3D printed anthropomorphic phantom was imaged and example reconstructed images are shown in figure 4 . As described above, the same paper printed distributions were assembled into an elliptical PMMA phantom. Figure 5 shows the reconstructed coronal, sagittal and axial images from the elliptical phantom. can be applied to all stages in the phantom simulation.
Many SPECT and PET scanners apply more advanced corrections for attenuation (often utilising CT data), scatter and resolution. Characterising these scanners requires phantoms that reflect the geometry of the patient. Joshi et al. showed that the cylindrical Hoffman phantom did not adequately correct for inter-scanner 295 differences in FDG PET imaging 44 . This was in part due to the cylindrical shape, and the lack of both a skull and scattering material in the neck. Secondly, corrections derived from a single phantom may not apply to the range of patient's heads size.
The need for a realistic anthropomorphic phantom to correct for inter-scanner differences is likely to be more pronounced for SPECT, due to differences in physical showed attenuation varies linearly with print density so the attenuation, based on measurements with paper in situ, could be adjusted in subsequent prints.
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The use of the print fill density to introduce air between the extruded threads of polymer and adjust the attenuation properties is suitable for imaging by SPECT or PET. The resolution for both modalities is much less than the scale of the extruded threads. A modified phantom for PET would ideally tune the material attenuation to match the head at 511 keV, with slabs of approximately 2 mm thickness. However,
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for FDM to be realistic at the sub mm scale, e.g. for CT, it is envisaged that modified or novel printer feedstock materials would be required, printed at 100% fill.
Further realism in the attenuation properties of the phantom could be achieved by adjusting the 3D printed material distribution. 44, 58 .
Further validation of multi-centre studies could be gained by quantifying interscanner variation of the detectability of simulated disease states. The elliptical SSM 355 phantom has been used to investigate differences in detectability of cold lesions in simulated HMPAO SPECT scans between gamma cameras 59, 60 . It has also been applied to PET, to simulate higher activity tumour uptake 17 . The 3D printed anthropomorphic SSM phantom developed in this work has the potential to improve characterisation of intra and inter-scanner variation in these applications. 
